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The Costa Rica Dome (CRD) is an open-ocean upwelling system in the Eastern Tropical Pacific that overlies the
ocean’s largest oxygen minimum zone (OMZ). The region has unique characteristics, biomass dominance by pico-
phytoplankton, suppressed diatoms, high biomass of higher consumers and presumptive trace metal limitation, but is
poorly understood in terms of pelagic stock and process relationships, including productivity and production controls.
Here, we describe the goals, project design, physical context and major findings of the Flux and Zinc Experiments
cruise conducted in June–July 2010 to assess trophic flux relationships and elemental controls on phytoplankton in
the CRD. Despite sampling during a year of suppressed summertime surface chlorophyll, cruise results show high
productivity (�1 g C m22 day21), high new production relative to export, balanced production and grazing, dispro-
portionate biomass-specific productivity of large phytoplankton and high zooplankton stocks. Zinc concentrations are
low in surface waters relative to phosphorous and silicate in other regions, providing conditions conducive to picophy-
toplankton, like Synechococcus, with low Zn requirements. Experiments nonetheless highlight phytoplankton limitation
or co-limitation by silicic acid, driven by a strong silica pump that is linked to low dissolution of biogenic silica in the
cold shallow thermocline of the lower euphotic zone.
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I N T RO D U C T I O N

This issue contains papers from a multidisciplinary study
of upper-ocean plankton ecology and surface to mid-
water biogeochemistry of the Costa Rica Dome (CRD),
conducted on cruise MV1008 of R/V Melville from 22
June to 25 July 2010. The study, funded by the US
National Science Foundation (NSF), was initially
designed to test two hypothesized mechanisms of phyto-
plankton bloom regulation in the Arabian Sea: grazer
control (Smith, 2001; Goericke, 2002) and iron limitation
(Wiggert et al., 2006; Naqvi et al., 2010). However, just
prior to what would have been the original scheduled
cruise for that project (July 2009), piracy concerns in the
northwestern Indian Ocean closed the area to scientific
research, a situation that continues now 6 years later.
After some deliberation and with NSF approval, the
project was recast for the CRD region in the Eastern
Tropical Pacific (ETP). The CRD has certain similarities
to the Arabian Sea, such as an upwelling center, an
oxygen minimum zone (OMZ) of global significance and
the presumptive limitation of phytoplankton by a trace
element. CRD research also fit the strengths and interests
of our group, as well as the working areas of major US
research vessels in summer 2010.

In planning our cruise, we found that the CRD was
well described physically, including its circulation, season-
al development and decay (Fiedler, 2002; Fiedler and
Talley, 2006; Kessler, 2006). However, it was poorly char-
acterized in terms of lower food-web trophic processes,
carbon cycling from production to export, basic standing
stock and rate relationships and phytoplankton regula-
tory mechanisms. In the late 1960s, the EASTROPAC
Program conducted seasonal surveys of the ETP over an
18-month period, providing the first comprehensive
measurements of plankton stocks and distributions in the
region (Love, 1972–1978; https://swfsc.noaa.gov/eastropac-
atlas/). Some of the insights from that program antici-
pated what are now generally accepted cornerstones of
modern understanding of open-ocean pelagic ecology,
for example, the close coupling of primary production
and zooplankton grazing (Longhurst, 1976) and the
dominant grazing role of microzooplankton (Beers and
Stewart, 1971). However, they were made solely from
considerations of biomass relationships, with no measure-
ments of the actual processes. We found also that under-
standing of primary production processes in the CRD
region was equivocal at best. EASTROPAC results (Owen
and Zeitzschel, 1970) as well as modern shipboard mea-
surements (Pennington et al., 2006) both point to relatively
modest production values ,400 mg C m22 day21; in
contrast, modeled production estimates for the region are
two to three times higher (Pennington et al., 2006). Thus,

appropriate measurements and analyses to resolve food-web
fluxes, from production to grazing and export, became a
central theme of our CRD research agenda.

Recent cruises in the CRD had also highlighted
unique properties of the region that relate to its trophic
structure and potential regulatory mechanisms. These
observations confirmed early reports of very high abun-
dances of picophytoplankton, dominated by the photo-
synthetic bacterium Synechococcus (SYN) at concentrations
exceeding 106 mL21 (Li et al., 1983; Saito et al., 2005).
They also provided preliminary evidence that trace ele-
ments other than iron (Fe) might limit or co-limit phyto-
plankton community structure and productivity in the
CRD, as might be expected from the very different
assemblages, dominated by Prochlorococcus (PRO) with
much lower SYN abundances (104 mL21) that occur in
Fe-limited waters of the eastern equatorial Pacific
(Landry and Kirchman, 2002). In an experiment con-
ducted in the CRD on a cruise in August 2000, Franck
et al. (Franck et al., 2003) demonstrated that small pennate
diatoms responded strongly to zinc (Zn) added in com-
bination with Fe, compared with Fe addition alone. In
other results from the same cruise, Saito et al. (Saito et al.,
2005) found that strong binding ligands for cobalt (Co),
believed to be produced by SYN to satisfy its high Co re-
quirement, deplete labile Co bioavailability to other
phytoplankton. Cobalt is, however, mainly useful to eu-
karyote taxa like diatoms as a substitute for Zn. In add-
ition, because Zn requirements for cyanobacteria are low
compared with those for eukaryotic phytoplankton (Saito
et al., 2003), we focused on Zn as a possibly limiting or
co-limiting micronutrient (in combination with Fe or Si)
that would be consistent with both the extraordinary high
concentrations of SYN in the region and the suppression
of their larger eukaryotic competitors, like diatoms. We
also hypothesized that low Zn concentrations in SYN cells
could affect growth or grazing responses of their eukaryote
protistan consumers, thereby potentially interfering with
efficient grazer control of the SYN population and pico-
phytoplankton generally, the expected role of small protist-
an grazers in trace metal limited systems (Landry et al.,
1997, 2000, and references therein). The hypothesized
effects of Zn limitation, promoting growth of SYN over
larger eukaryote competitors while diminishing grazing
pressure on SYN, were thus among the ideas to be tested
in our research cruise to the CRD.

The project name FLUx and Zinc Experiments
(FLUZiE) emphasizes the two main cruise goals: (i) to
quantify processes and assess flux relationships within
and out of the CRD euphotic zone, and (ii) to evaluate
grazing and trace metal/nutrient controls on primary
production and phytoplankton standing stocks, with a
focus on Zn. Additional collaborators and components
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were added to complement these objectives, and also to
take advantage of the opportunity to measure biogeo-
chemical cycling and microbial populations in underlying
OMZ waters at the same time that upper water-column
processes were being investigated. The Cruise Report and
data archives are available at http://www.bco-dmo.org/
project/515387. Here, we provide a general overview of the
study site and project design, the prevailing environmen-
tal conditions of the CRD during summer 2010, the
physical context for sampling and experimental studies
and a brief overview of the scientific findings from the
expedition.

S T U DY A R E A

Seasonal evolution of the Costa Rica Dome

The CRD is a recurrent seasonal phenomenon of the
ETP that results as a consequence of winds, currents and
the presence of the Central American landmass. The
CRD occurs at the eastern terminus of a thermocline
ridge, associated with both the North Equatorial Counter
Current (NECC) on the southern slope and the North
Equatorial Current on the northern slope, both in geo-
strophic balance. The result is a thermal dome centered
near 98N, 908W during summer months (Fiedler, 2002).

The physical drivers of the CRD have been a subject
of historical debate. Wyrtki (Wyrtki, 1964) originally pro-
posed that the upwelling was due to the geostrophic

deflection of the NECC, and he used a heat budget
model to calculate an upwelling rate, though for winter-
time conditions when the CRD is actively weakening
according to contemporary theory. Hoffman et al.
(Hofmann et al., 1981) argued that local wind stress curl
generates CRD upwelling, which then weakens over
winter causing the CRD to propagate westward as a
Rossby wave. The numerical modeling study of Umatani
and Yamagata (Umatani and Yamagata, 1991), however,
found that summertime wind stress curl was relatively
weak and not co-located with the CRD. They made the
case that the annual cycle of strong NE Trade Winds
blowing through topographic gaps at the Gulf of
Papagayo, as well as Tehuantepec and Panama, during
the wintertime followed by SE Trade Winds over the
open ocean from late spring into fall were both necessary
for the evolution of the CRD. That explanation, echoed
by Fiedler (Fiedler, 2002), gives an annual cycle in which
the NE Trades create an embryonic dome near the
Central American coast that moves offshore, where it
matures under the influence of the summertime SE
Trades and the strengthening NECC associated with the
northward migration of the InterTropical Convergence
Zone (ITCZ). The CRD moves westward and deepens
during the winter, when a new CRD is created at the
coast.

In Fig. 1, we use monthly mean values of absolute
dynamic topography (ADT) from AVISO satellite

Fig. 1. Mean monthly images of satellite-derived absolute dynamic topography (ADT). Central America, from Mexico to northern South America
is shown in white. (a) February ADT, showing both cyclonic (low ADT) and anti-cyclonic (high ADT) features near the coast. (b and c) April and
May, where anti-cyclonic features continue to move offshore while a low forms offshore. (d) July, when the CRD is clearly visible.
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altimetry (http://www.aviso.altimetry.fr/duacs/) to show
seasonal evolution preceding the cruise in July 2010. The
general pattern is consistent with previous results
(Umatani and Yamagata, 1991; Fiedler, 2002). Though
sometimes not visible in the monthly mean data, both
anti-cyclonic (higher height values) and cyclonic features
(lower height values) propagated from the coast from
February through April, presumably due to NE Trades
forcing. Around May/June, a persistent feature with
reduced (cyclonic) height developed in the region,
though centered somewhat northwest of 98N, 908W.
This region of low dynamic height was consistent with
the CRD.

ETP conditions in summer 2010

In satellite summertime composites of sea surface Chl a

from 2003 to 2014 (Supplementary Data, Fig. S1),
summer 2010 stands out as an unusual year in terms of
cloud cover (more flagged pixels than any of the 12
summers analyzed), and it shows a relatively low-surface
Chl a expression in the CRD region relative to adjacent
waters. According to the Ocean Niño Index (ONI) for
January–March 2010 was classified as a moderate El
Nı̂ño year in the ETP, which is indicative of ocean con-
ditions leading up to the cruise (Fig. 2). However, during
the cruise itself, the ONI is seen to be relatively neutral and
shifting rapidly to La Niña conditions (Fig. 2). Consistent
with the timing of this shift, wintertime sea surface tem-
peratures were anomalously warm in the region preceding
the cruise, but not unusually so during the summer and
later half of the year (Fig. 3). Nonetheless, the Chl a expres-
sion of the CRD region was severely suppressed through-
out 2010. In a decade of satellite images analyzed from
2004 to 2014, 2010 is the only year without a clear mid-
summer elevation of surface Chl a, and it is markedly
depressed relative to regionally averaged mid-summer Chl

a values for adjacent years 2009 and 2011 and especially
relative to the massive bloom concentrations seen in 2013
(Fig. 3).

S A M P L I N G A N D E X P E R I M E N TA L
P RO G R A M

The locations of the two main elements of the cruise
plan, semi-Lagrangian experimental cycles and a sam-
pling transect, are shown in Fig. 4. The dates and be-
ginning geographic coordinates for the major cruise
operations are given in Table I.

After leaving port in Puntarenas, Costa Rica, we first
undertook an initial experimental study (Cycle 1) in
waters close to the coast, since we had to return to port
within a few days to pick up a shipment of 14C bicarbon-
ate delayed in customs (primary production measure-
ments were not made during Cycle 1). After the transfer,
we transited to 6.68N, 88.58W to begin a sampling tran-
sect to 108N, 928W, crossing the expected central dome
area of the CRD. That area, characterized by a shallow
thermocline, was sampled more intensively over an add-
itional day and a half, during which five WMO surface
drifters with shallow mixed-layer drogues (World
Meteorological Organization, Global Drifter Program)
were deployed at various locations to assess currents and
dispersion patterns. Experimental Cycle 2 was conducted
in the vicinity of the dome center, and at the end of that
experiment a final WMO drifter was released to relocate
that water for later study in Cycle 4. Meanwhile, a third
experiment (Cycle 3) was conducted on the outer north-
west edge of the dome region. Returning to the central
dome region, we conducted Cycle 4 in the vicinity of the
WMO drifter. The last experiment (Cycle 5) was done to
the east of the dome center heading back to the coast in
the rapidly moving NECC.

Fig. 2. Time-series variability of Ocean Niño Index (ONI) for characterizing El-Niño and La-Niña years in the tropical Pacific Ocean. Updated
ONI data are from http://www.cpc.ncep.noaa.gov/products/analysis_monitoring/ensostuff/ensoyears.shtml. ONI is the running 3-month mean
of SST anomaly for the Niño 3.4 region (58N–58S, 120–1708W) accounting for global warming since 1950. 2010 was classified as a moderate El
Niño year based on having positive temperature anomalies between þ1.0 and 1.48C for at least three consecutive overlapping 3 months. Bar in
mid-2010 indicates cruise period.
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At each transect sampling station, we lowered a fast
repetition rate fluorometer to 100 m. That was followed
by zooplankton net collections (200-mm mesh, 1-m2 ring
net) with an oblique tow to �150-m depth. The water
was then sampled to 500 m with a Conductivity-
Temperature-Depth (CTD) rosette system (hydrography,

nutrients and phytoplankton), and a second hydrocast
was made with TM-clean rosette to collect samples for
trace metal analyses.

During the majority of the cruise period, we con-
ducted the five “cycle” experiments of typically 4-day
duration (3 days for Cycle 1) following the paths of a

Fig. 3. Area-averaged values of sea surface temperature (8C) and chlorophyll a (mg m23) in the Costa Rica Dome region of the Eastern Tropical
Pacific from 2004 to 2014. Monthly averaged data for the area of 8–118N, 88–938W were derived from MODIS-Aqua as 4-km SMI images
extracted using NASA’s Giovanni, interactive Visualization and Analysis. Yearly tic marks begin in January (J). All flagged pixels were excluded from
the analysis. Horizontal bar indicates cruise period, 22 June–25 July 2010.

Fig. 4. Cruise study area in the CRD, 22 June–25 July 2010. Transect is shown by line with marks for sampling locations. Experimental cycles are
shown in boxes; each point marks location of daily morning sampling and in situ incubation experiment. Temperature scale is temperature at 20-m
depth; cool water denotes proximity to central dome region.
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satellite-tracked surface drifter with a holey sock drogue
centered at 15 m (Landry et al., 2009). Each of these
experiments involved a coordinated series of in situ sam-
pling and experiments as well as shipboard experimental
activities to measure changes in hydrography and the
plankton community in the tracked water parcel, to de-
termine process rates (production, growth and grazing)
in incubation experiments and to evaluate nutrient and
trace metal limitation of the phytoplankton community.
Export was assessed by the 234-Thorium disequilibrium
method and by measured fluxes into sediment traps
deployed below the euphotic zone at 90–100 m on a
second drifter array (deployed at the start of the cycle and
recovered at the end). Process experiments were con-
ducted daily using water collected on a pre-dawn CTD
hydrocast at eight depths from the top to the bottom of
the euphotic zone. Bottle experiments for 14C-primary
production, nitrate uptake, net biogenic silica incorpor-
ation and phytoplankton growth and microzooplankton
grazing rates (dilution) were incubated under in situ con-
ditions of temperature and light in net bags attached at
the depth of collection to a wire hanging below the
drifter. Net tow samples were collected daily at mid-day
and mid-night for biomass and grazing assessments (gut
fluorescence) of mesozooplankton in the upper 150 m,
and stratified net sampling for mesozooplankton and
micronekton (1-m2 MOCNESS) was done at 1000 m at
least once each during daytime and nighttime hours on

each cycle. Multiple casts were made with the trace metal
rosette during each cycle to sample for depth distributions
of trace metal (Fe, Zn) concentrations and to set up ship-
board experiments to test for limitation of various treat-
ment combinations of added Fe, Zn and Si. Additional
CTD sampling was done in the OMZ to study nitrogen
sources and sinks and to collect samples for molecular
characterization of the microbial community

P H Y S I CA L CO N T E X T FO R
S A M P L I N G A N D E X P E R I M E N T S

Transect and cycle hydrography

The mean satellite ADT for the transect indicates that
sampling began outside of the low height region, which
was then entered with Stations 2 and 3 on the periphery.
Temperature profiles along the transect show isotherm
shoaling consistent with the CRD (Fig. 5b). Temperature is
colored to highlight the 248C isotherm emphasized in
Wyrtki (Wyrtki, 1964). That isotherm did not reach
,10 m as reported by Wyrtki, though this may be due to
his wintertime sampling or to weakened upwelling condi-
tions in 2010. However, the isotherm shoals by approxi-
mately 15 m, and is shallowest between Stations (CTD
casts) 4 and 6, co-located with a maximum in CTD fluor-
escence (Fig. 5c). Satellite topography suggests that sam-
pling Stations 7 and 8 were also within the dome. Wyrtki’s
(Wyrtki, 1964) figures of the CRD suggest patchiness in
both tracers and inferred upwelling, and this view is con-
sistent with the irregular shape of the CRD feature as
visualized by satellite ADT.

Mean temperature profiles for the five cycles reflect
similar trends as the transect sampling (Fig. 6a). Cycles 1
and 5, nearest to the coast, show depressed thermoclines,
with the 248C isotherm at �34 m. In contrast, Cycles 2
and 4, in the central dome area, show the isotherm at
�24 m. Cycles 2 and 4 also meet Fiedler’s criterion for
being considered in the dome area, with the 208C iso-
therm above 35 m depth (Fiedler, 2001). By this defin-
ition, Cycle 3 is on the outer margin of the dome, which
agrees with its peripheral position in satellite ADT
(Fig. 6c), and Cycles 1 and 5 are clearly out of the dome.
Temperature–salinity relationships from these five cycles,
however, suggest slightly different spatial relationships.
While Cycle 5 had a depressed thermocline, similar to
Cycle 1, its T–S signature near the surface most closely
resembles that of Cycle 4 (Fig. 6b). This suggests that while
the dynamical context for this cycle has changed (now
outside the dome with a depressed thermocline), the
surface waters from Cycle 5 may ultimately have derived
from the Cycle 4 vicinity, considered in the dome. The
possible entrainment of water associated with the CRD

Table I: Dates and locations of experimental
cycles, transect sampling and WMO drifter
deployments in the CRD during June–July
2010

Dates Lat (8N) Lon (8W) Operation

23–27 June 9.715 87.004 Cycle 1 experiments
29 June 6.628 88.497 Begin transect survey
1 July 10.000 92.000 End transect survey
2–3 July Sampling in central dome area
3 July 9.000 90.127 WMO drifter 43533 deployed (#1)
3 July 9.000 90.904 WMO drifter 43535 deployed (#2)
3 July 9.038 90.551 WMO drifter 43536 deployed (#3)
3 July 9.037 90.573 WMO drifter 43537 deployed (#4)
3 July 9.051 90.564 WMO drifter 43540 deployed (#5)
4–8 July 9.037 90.564 Cycle 2 experiments
8 July 8.924 90.316 WMO drifter 43541 deployed (#6)
9–13 July 10.416 92.916 Cycle 3 experiments
15–19 July 8.546 90.399 Cycle 4 experiments
20–24 July 8.877 88.465 Cycle 5 experiments

Locations for cycle experiments denote initial positions of the
experiments, marked by deployment of the sediment trap drift array; daily
sampling points are shown in Fig. 4. Beginning and endpoints for transect
sampling are as depicted in Fig. 4. Drifter deployments give 5-digit WMO
identifier number (World Meteorological Organization, Global Drifter
Program), as well as informal #1–6 numbers for drifter tracks in Fig. 8.
Dates are local time, beginning at mid-night for cycle sediment trap
deployments.
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toward the coastal region implies that the enhanced bio-
logical production associated with the CRD may not all
remain local.

Surface current flows during experimental
cycles

While extensive cloud cover in summer 2010 precluded
good images of satellite sea surface temperature and Chl
a during the cruise, both dynamic topography (ADT ¼
SSH, reflecting large-scale variations in water-column
structure and geostrophic circulation) and sea-level
anomalies (SLA, reflecting deviations in SSH caused by
transient mesoscale processes such as eddies) were avail-
able from daily AVISO analyses, along with inferred geo-
strophic currents. Both geostrophic velocity datasets were
linearly interpolated and compared for daily intervals to
currents measured from the shipboard Acoustic Doppler
Current Profiler (ADCP) bin nearest to the surface
(29 m). The ADCP measurements are 5-min ensembles
produced by UHDAS (Firing and Hummon, 2010).

Despite qualitative large-scale differences in ADT and
SLA, the daily vector correlations (as defined by Crosby
et al., 1993) from both datasets were similar, with the
average correlation being 0.562 and 0.556 (out of a range
from 0 to 2) for ADT and SLA, respectively. Since the
CRD is a recurrent regional feature, here we used ADT
because it includes the long-term CRD contribution to
dynamic height, whereas SLA does not.

Figure 8 shows the positions of drift array deployments
during the five cycles, and the average ADT and inferred
currents. The inset in each figure is the regional ADT for
each cycle, which varied over the 35 days of the cruise.
Cycle 1, located near the coast, shows the drift array going
southeast, consistent with ADT at that time. The regional
view of ADT during Cycle 1 suggests that this southeast
flow is associated with a deflection of the eastern low
height CRD boundary (Fig. 7a), and is possibly a continu-
ation of the NECC, which flows south of the CRD.

Cycle 2 is near the shoaled isotherms and high-
fluorescence area identified during transect sampling.
Drift array tracks in this location were very complex, with

Fig. 5. Hydrographic conditions during CRD transect sampling, 29 June–3 July 2010. (a) Satellite ADT during the transect, with CTD cast
locations depicted as crosses. (b) Objective map of temperature isotherms, with arrows depicting locations of 248C isotherm outside and inside the
dome. Vertical lines are cast locations. (c) CTD Chl a fluorescence. Vertical lines depict cast locations, 16, 20 and 248C isotherm lines from (b)
included.
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spiraling flow of significant amplitude due to strong iner-
tial tides and a little net southeastward displacement.
Satellite inferences of current velocities are also compli-
cated in this region, showing a convergence to the north of
the drift array, and a larger cyclonic recirculation around a
lobe of low height to the south (Fig. 7b). The 1

4-degree reso-
lution provided by AVISO is somewhat coarse, and ADCP
data for this cycle show varying currents with no mean dir-
ection, suggesting a quiescent region with lower-order dy-
namical effects.

Cycle 3, located to the northwest of Cycle 2, is on the
western periphery of the CRD as identified by satellite
(Fig. 7c). The constant southern trajectory of the drift
array is consistent with satellite velocity patterns. As men-
tioned previously, its intermediate temperature profile sug-
gests the influence of the CRD. However, its T–S
signature near the surface is intermediate, more similar to
Cycle 1 than the other three.

The drifter array track for Cycle 4 resembles that for
Cycle 2 in location, complex satellite velocities and inter-
mittent southeastern direction (Fig. 7d). With similar drift
array tracks, satellite currents, temperature profiles and

T–S signatures, Cycles 2 and 4 appear to be most similar
from a physical standpoint, which is consistent with our
intention to have Cycle 4 to be a follow-on experiment to
surface waters that originally came from the vicinity of
Cycle 2.

The coastward movement in Cycle 5 is similar to satel-
lite velocities, which indicate a shift in the direction of
water flowing south of the CRD (Fig. 7e). As mentioned pre-
viously, the temperature profile from Cycle 5 reflects that of
Cycle 1, suggesting a comparable dynamical situation
outside the CRD. However, the T–S relationship for the
mixed layer in Cycle 5 shows similarities to water from
Cycles 2 and 4.

Surface drifter movements

During experimental Cycle 2, six WMO surface drifters
(World Meteorological Organization, Global Drifter
Program) were deployed to identify water circulation in
the vicinity of the CRD. There were originally seven
deployed, but one failed to report positions, and one drifter
(#5) was taken by a local fishing vessel within a few days of

Fig. 6. Cruise averages of (a) temperature profiles and (b) temperature–salinity relationships for experimental Cycles 1–5. 248C line is shown for
reference.
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deployment. Fig. 8a shows the six reliable drifter trajector-
ies, along with the mean satellite ADT and velocities for
the time period of 6–20 July.

Initially, all the drifters moved in anti-cyclonic orbits
suggestive of inertial oscillations. At 98N latitude, the
observed radius of motion, at �1

8 degree or �14 km,
reflects an estimated mean current velocity of 0.30 m s21

(Gill, 1982). Subsequently, three drifters (#1, 3 and 4)
deployed slightly to the north and east of the start of
Cycle 2 stopped their inertial oscillations and drifted to-
gether to the north. In contrast, the other two drifters (#2
was deployed the furthest to the west, and #6 was
released at the end of Cycle 2) remained south, continu-
ing inertial oscillations.

Figure 8b depicts relative dispersion, a metric of par-
ticle spread (LaCasce, 2008) calculated from the locations
of these drifters, binned over all drifters and the two
subsets of drifters. While not sufficient to calculate statis-
tically robust values of vertical diffusivity, the total and

subset relative dispersions imply the existence of a
branching point in the velocity field where the two
subsets separated. The dispersion of both subsets
remained relatively constant whereas the overall disper-
sion increased, reflecting the in-group coherence and
between-group separation of the drifters. The different
behaviors of these two drifter subsets suggest a compli-
cated mesoscale flow in the vicinity of Cycles 2 and
4. Some water parcels remained in the area, whereas
others nearby were entrained into a large-scale current.
For reference, the starting positions of Drifters 2 and 3
were 24 km apart, and the two subsequently were taken
in very different directions. The last drifter (#6), deployed
20 km from drifter #20s original position, stayed in that
same area.

The O(10-km) scale sensitivity of drifter displacement
reflects the horizontal variability present in this region,
and the potential influence of (sub)mesoscale flows in de-
termining distributions of biological communities. The

Fig. 7. Locations of early morning CTD casts (X) superimposed on averaged satellite ADT and inferred geostrophic current velocities for
experimental Cycles 1–5 (panels a–e, respectively).
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separation of the drifters, and the hydrographic similarity
of Cycle 5 to Cycles 2 and 4, provide the strongest evi-
dence that water associated with the CRD is not statically
trapped within the CRD feature, as it occurs with meso-
scale eddies that can effectively separate biological assem-
blages and possibly promote coexistence of diverse
phytoplankton groups (d’Ovidio et al., 2010).

OV E RV I E W O F M A J O R R E S U LT S

For the purpose of this introduction, we divide the results
of our investigation into three broad themes that fallout
from the original cruise goals: (i) plankton dynamics and
flux relationships for the CRD euphotic zone; (ii) controls
on phytoplankton stocks and production; and (iii)
ecology and biogeochemistry of the OMZ. Under each
theme, we first provide a brief overview of the compo-
nents of the project that relate to the theme, then give a
bullet-point summary of the key results. Most of the dis-
cussion relates to papers that are published together in

this issue. However, we also summarize relevant addition-
al products from the cruise that are published elsewhere.

Plankton dynamics and flux relationships

The FLUZiE cruise differed from previous studies of
CRD in taking a system-level, process-oriented approach
involving a suite of complementary measurements of
phytoplankton and zooplankton community biomass,
composition and process rates over the full depth range
of the euphotic zone and at several locations, in and out
of the central dome region. These data consequently
provide the first depth-integrated assessments of phyto-
plankton group-specific contributions to carbon standing
stocks, productivity and grazing in the region, as well as
the first site-integrated assessments of primary produc-
tion, new production, net biogenic silica production and
export. Taylor et al. (Taylor et al., 2016) give details of the
community biomass, size structure, composition, depth dis-
tribution and spatial variability of phytoplankton based on
complementary analyses by microscopy, flow cytometry

Fig. 8. Trajectories and dispersion of drogued drifters released in vicinity of start of Cycle 2 on 4 July 2010 (marked by X in panel a insert). (a)
Drifter trajectories, mean satellite ADT and geostrophic velocities. Note inertial tide effects, especially for Drifters 2 and 6. (b) Relative dispersion
for all drifters, and for drifter subsets 1, 3 and 4 and Drifters 2 and 6.
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and high pressure liquid chromatography pigments.
Freibott et al. (Freibott et al., 2016) contribute analyses of
biomass, community structure and spatial variability of the
heterotrophic components of microbial food webs, protist-
an grazers and bacteria. Gutiérrez-Rodrı́guez et al.

(Gutiérrez-Rodrı́guez et al., 2014) document the spatial
variability of picocyanobacterial community structure
across the upwelling dome using clone libraries of the
rpoC1 gene and quantitative polymerase chain reaction
assays to assess the distributions of genetically distinct SYN
and PRO populations. Selph et al. (Selph et al., 2016)
present estimates of primary productivity and phytoplank-
ton growth rates from standard 14C-uptake and from daily
in situ incubations of dilution experiments at eight depths in
the euphotic zone, analyzed by flow cytometry and pig-
ments for community and group-specific rates. Krause et al.
(Krause et al., 2016) report the net rates of biogenic silica
(bSiO2) production and export, from which they estimate
the diatom contribution to new production and organic
matter export. Stukel et al. (Stukel et al., 2016) measure new
production by 15N-nitrate uptake and organic matter
export by the 234Th-disequilibrium method and by sedi-
ment traps (C, N and P), from which they assess the effi-
ciency of the biological pump. Décima et al. (Décima et al.,
2016) provide euphotic-zone-integrated estimates of meso-
zooplankton size-fractioned biomass and grazing impact
on phytoplankton. Jackson and Smith (Jackson and Smith,
2016) assessed day–night depth distributions of five co-
occurring copepod species of the Eucalanidae family in
and out of the central dome region. Landry et al. (Landry
et al., 2016) combine various process measurements into a
community-level synthesis addressing the balance of pro-
duction and grazing processes, including the contributions
of different phytoplankton and grazer groups to carbon-
based fluxes. Significant results from this portion of the
study include the following:

† Autotroph carbon ranged from 0.7 to 2.4 g C m22,
with higher values in the dome center (Taylor et al.,
2016). Pico-sized cells, notably SYN, accounted for
.50% of biomass, and more so in the central region.
Dinoflagellates dominated the assemblage of larger
phytoplankton, with diatoms accounting for 2% or
less of biomass throughout the region.

† Assessments of micro-heterotrophs indicate a well-
developed microbial food web (Freibott et al., 2016).
Heterotrophic dinoflagellates (H-Dino) and nano-
sized cells dominated the micro-grazer assemblage.
Carbon-based grazing rates were significantly corre-
lated with grazer biomass, and indicated grazer
growth rates comparable to those of phytoplankton.
Bacterial biomass was significantly correlated with
autotrophic carbon and productivity.

† Phylogenetic analysis revealed high picocyanobacter-
ial diversity that included novel SYN and PRO geno-
types (Gutiérrez-Rodrı́guez et al., 2014). Genetically
different populations exhibited strong vertical and hori-
zontal spatial partitioning associated with sharp physico-
chemical gradients. Three SYN genotypes showed
fine-scale depth structure in the upper 30–40 m at the
dome.

† In contrast to biomass, mixed-layer growth rates of
phytoplankton were lowest in the dome center and
higher on the edges (Selph et al., 2016). Growth rates
of PRO and SYN were balanced by microzooplankton
grazing, whereas eukaryotic phytoplankton showed
positive net growth. Mean growth rates of larger eu-
karyotic phytoplankton, highest for diatoms, exceeded
those of PRO and SYN. Dilution estimates of growth
were consistent with inferred rates from 14C uptake
and autotroph carbon.

† Nitrate uptake was associated with the production of
larger phytoplankton and gave f-ratios (0.36) six-times
higher than the export ratios from sediment traps and
thorium (Stukel et al., 2016). Both nitrogen and phos-
phorus were preferentially remineralized from sinking
particles above 90 m. High grazing rates and reminer-
alization of fecal pellets in the euphotic zone (Stukel
et al., 2013) suggest that mesozooplankton play a key
role in shunting new production to higher trophic
levels rather than to vertical POM flux (Décima et al.,
2016; Stukel et al., 2016).

† The shallow thermocline of the CRD significantly
reduces bSiO2 dissolution rates below the mixed layer, cre-
ating a strong silicate pump (Krause et al., 2016). Diatoms
contribute 3–13% to new production, and �6% to C
export. These results suggest substantial food-web trans-
formation of diatom production in the euphotic zone,
which enriches bSiO2 in exported material.

† SYN, the dominant photosynthetic bacterium, con-
tributed �25% of phytoplankton carbon biomass, but
disproportionately less to production and export
(Stukel et al., 2013; Landry et al., 2016). High micro-
zooplankton grazing of SYN indicated a production
deficit. Export was mediated by intact cells in zoo-
plankton fecal pellets.

† Mesozooplankton biomass was high (�5 g dry weight
m22) and relatively uniform, whereas grazing impact
(12–50% of Chl a day21) was variable, with lower
rates in the central dome region (Décima et al., 2016).
Grazing variability was associated with zooplankton
size structure and composition and with partitioning
of primary production between pico-sized and larger
phytoplankton. These results suggest community
changes in water parcels advected away from the up-
welling area.
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† Distinct differences were found in abundances and
vertical distributions of Eucalanoid copepods in the
areas examined, with the coastal area supporting a
more diverse assemblage, two-fold greater abundance
in the central CRD dominated by Eucalanus inermis

(Jackson and Smith, 2016). Depth distribution was
narrow and closely associated with the shallow
thermocline in the central CRD. There was no evi-
dence of daily vertical migration in the central CRD,
but E. inermis demonstrated vertical migration in near-
shore sampling.

† Combined data support a balance of phytoplankton
production and grazing by micro- and mesozooplank-
ton (Landry et al., 2016). Production estimates of
�1 g C m22 day21 from three approaches exceeded
published regional averages by 2–3-fold. Pico-sized cells
accounted for 39% of production. Microzooplankton
consumed all PRO and SYN and two-third of total pro-
duction. Production and grazing turnover are compar-
able to or higher than estimates for the upwelling system
in the eastern equatorial Pacific.

Controls on phytoplankton stocks and
plankton production

Experimental studies of phytoplankton control mechan-
isms involved shipboard grow-out incubations of several
days duration with presumed limiting elements (Zn, Fe
and Si additions, relative to controls), short-term (24-h)
in situ incubations that manipulated grazer concentrations
and light, and indices of potential limitation of secondary
producers. Two studies conducted grow-out experiments
(Chappell et al., 2016; Goes et al., 2016). The former
reports the first profiles of Zn for the CRD region, and
the latter is distinguished by size-fraction analysis to
resolve treatment differences on small and large phyto-
plankton. Baines et al. (Baines et al., 2016b) determined
cellular trace metal composition of various unicellular
plankton to assess signs of Zn, Fe or Si limitation and
to evaluate whether elemental composition of food could
limit metazoan production. Gutiérrez-Rodrı́guez et al.
(Gutiérrez-Rodrı́guez et al., 2016) investigated responses
of the subsurface phytoplankton community of the CRD
to changes in light and temperature associated with verti-
cal displacement of water masses, coupling in situ trans-
planted dilution experiments with flow cytometry and
epifluorescence microscopy to assess different groups.
These results are interpreted in comparison with grazer
dilution experiments incubated at the depth of sample
collection (Landry et al., 2016; Selph et al., 2016). Baines
et al. (Baines et al., 2016a) measured the tissue concentra-
tions and ratios of C, N, P, Fe and Zn in size-fractionated
zooplankton samples to determine possible requirements

and to find indications of trace metal limitation.
Significant results from these studies include the follow-
ing:

† Zn was significantly depleted relative to P and Si
in the CRD upper water column compared with
other oceanic systems (Chappell et al., 2016). Si was
limiting in grow-out experiments, but Si additions
with either Fe or Zn led to higher biomass than Si
alone. These results suggest that the Zn depletion
relative to P in upwelled waters may create condi-
tions that favor phytoplankton, like SYN, with low
Zn requirements.

† Size-fractionated measurements of Chl a accumulation
in grow-out experiments indicated that Si concentra-
tions are sub-optimal for phytoplankton growth and
that Si and light co-limit nano- and micro-sized phyto-
plankton as well as picophytoplankton (SYN and
picoeukaryotes) (Goes et al., 2016). The latter are con-
sistent with recent reports of Si accumulation in SYN
(Baines et al., 2012). Results suggest that nano- and
microplankton are limited by Si and Fe, and picophy-
toplankton by Zn, Fe as well as Si.

† Single-cell elemental analysis showed that flagellates at
some stations may have been Fe stressed (Baines et al.

2016b). Diatoms had higher Fe:C, and were poorly si-
licified. Flagellate Fe:C and Zn:C were low enough to
be a poor food source for metazoan zooplankton. Low
RNA:DNA ratios in zooplankton support this idea.
Metazoans that exploit apparent Fe and Zn-rich
species and vertical heterogeneity in trace metal
content might however avoid mineral limitation.

† Growth rates of SYN and picoeukaryotes were posi-
tively correlated with light in transplant experiments,
and grazing and growth rates remained closely
coupled despite perturbation of the growth environ-
ment (Gutiérrez-Rodrı́guez et al., 2016). In contrast,
larger phytoplankton, mainly diatoms, increased more
than 10-fold in shallower transplant incubations, indi-
cating that light plays a significant co-limiting role in
controlling microphytoplankton populations.

† The ratio of Zn:C in the smallest zooplankton size
fractions was �10 mmol mol21, which is lower than
any previously published observation, possibly indicat-
ing mineral limitation of smaller zooplankton (Baines
et al., 2016a). Zn:C increased 3- to 4-fold with size until
it was near the median of previously published values at
40 mmol mol21. Fe:C in zooplankton was similar to
previously reported values and decreased with size.
However, high Fe:C in small size fractions seemed to
have a lithogenic origin. When corrected for this litho-
genic Fe, Fe:C was typically 20–30 mmol mol21.
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Microbial diversity and biogeochemistry
of the OMZ

While our cruise was not designed as a study of microbial
diversity or OMZ biogeochemistry, it nonetheless pro-
vided an opportunity for some work in these areas to be
done in conjunction with experimental studies in the
upper water column. Kong et al. (Kong et al., 2013) inves-
tigated anammox bacterial communities in the OMZ
based on hydrazine oxidoreductase (hzo) genes and their
protein transcripts (Clusters 1 and 2). Cheung et al.
(Cheung et al., 2016) report community structure of dia-
zotrophs in the deep OMZ at 1000 m based on analysis
for the nifH gene by 454-pyrosequencing. Buchwald et al.

(Buchwald et al., in revision) used nitrite and nitrate con-
centrations and natural abundance isotope profiles of
d15N and d18O from the cruise, along with a novel 1D
reaction diffusion model, to predict rate profiles for
nitrate reduction, nitrite reduction and nitrite oxidation
throughout the water column into the deep OMZ.
Similarly, Vedamati (Vedamati, 2013) used the opportun-
ity from cruise sampling to investigate Fe redox cycling in
the OMZ. They identified pronounced maxima in Fe(II)
coincident with the secondary nitrite maxima at �350–
400 m. This feature is found in other OMZs, but is much
deeper underlying the CRD than elsewhere. Significant
results of these studies are as follows:

† The anammox communities showed low diversity,
with peak hzo gene abundance in the upper OMZs,
associated with the nitrite peak (Kong et al., 2013).
Nitrite and oxygen may therefore co-limit anammox
bacteria. A novel hzo cluster 2� clade was abundant
and widely distributed. Both Cluster 1 and 2 anammox
bacteria played active roles in the OMZ, with Cluster 1
abundance and transcriptional activity higher in free-
living and particle-attached cells.

† The diazotroph community was more unique and
diverse in the OMZ core (350–700 m) than in low-
oxygen waters above and below (Cheung et al., 2016).
Methanotroph-like diazotrophs dominated in this
depth strata, suggesting potential coupling of nitrogen
cycle and methane in the deep OMZ.

† The maximum rate of nitrite oxidation (10 nM day21)
occurs above and below the secondary nitrite
maximum, and the maximum rate of nitrate reduction
(25 nM day21) occurs just above the maximum rate of
nitrite reduction (15 nM day21) at the top of the OMZ
(Buchwald et al., in revision). Model predictions of con-
comitant nitrite oxidation and reduction in the OMZ
are supported by microbial gene abundance profiles
and rate incubations. These results suggest dynamic
nitrite cycling in the OMZ, with implications for

distributions of marine nitrifiers and interpretations of
natural abundances of N and O isotopes.

S U M M A RY

Despite its unexpected and opportunistic beginning, the
FLUZiE project came together well to address many
areas that were poorly understood about the CRD
region. The resulting dataset is unprecedented with
regard to the number of plankton community biomass
and rate properties measured, the consistency of sam-
pling strategy and the integration of stock, rate and ex-
perimental studies for the upper water column. The
results confirm the importance of picophytoplankton
biomass and production and the low contribution of
diatoms, one of the region’s unique characteristics as an
upwelling center. They also show high zooplankton
biomass, double that measured in the equatorial Pacific,
despite similar phytoplankton production, which we
found to be two to three times the average reported from
previous shipboard measurements in the Papagayo sub-
region (Pennington et al., 2006). While high zooplankton
biomass in picophytoplankton-dominated waters may
seem incongruous, we observed that the productivity of
larger phytoplankton was disproportionate to their
biomass and that food resources were concentrated in a
shallow euphotic zone (e.g. less than half the depth of
equatorial waters), which may allow more efficient feeding
and growth of mesozooplankton. Mesozooplankton
grazing was seen to be variable in the region and at least
partially explained by variations in the partitioning of
productivity between small and large cells in waters from
different areas in and out of the central dome. An efficient
Si pump, explained by low dissolution in the shallow
cold thermocline, is consistent with reports of high bSi
flux at depth, although it is not entirely clear that they
are directly connected, or entirely due to diatoms. This
is also the mechanism underlying a consistent result,
limitation or co-limitation by silicic acid, from the ex-
perimental studies conducted during the cruise on
(micro-)nutrient regulation of phytoplankton. We also
report here the first profiles of Zn from the region, and
Zn’s low near-surface concentrations relative to P and
Si, which could be one of the factors selecting for high
concentrations of picophytoplankton, like SYN, with
low Zn requirements.

While the results from this project have yielded some
significant advances in understanding the structure and
dynamics of plankton communities in the CRD region, it
also has highlighted areas that would benefit from add-
itional focused study in the future. One general area is
the need to examine structure and process relationships
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under normal or highly active conditions of CRD surface
Chl a expression, to understand the range of system vari-
ability in production and dynamics, as well as the true
contrasts between conditions in and out of the central
dome region. It is clear that 2010 was an unusually sup-
pressed year for the dome (Fig. 3), which makes the rela-
tively high measured production rates that much more
impressive and likely still conservative. At the same time,
we also sampled concentrations of SYN almost an order
of magnitude less than observed on previous CRD
cruises; thus, there may be strong enhancements in
picophytoplankton dominance and associated nutrient
and trace element effects under more active upwelling
conditions.

Results from this study also emphasize that much more
needs to be learned about the rates and mechanisms that
link upper water-column processes with export and dif-
ferential transport/remineralization of material through
the upper OMZ. We found a substantial discrepancy, for
example, between measurements of nitrate uptake (new
production) and nitrogen export, which could suggest
either substantial lateral export of an unmeasured pool
(e.g. dissolved organic nitrogen) or potential methodo-
logical issues in the measurements. The mechanisms that
lead to a high rate of loss/remineralization of fecal ma-
terial within the euphotic zone, with high recycling of N
and P, need to be reconciled with efficient vertical trans-
port of Si and Zn. Given high concentrations of SYN,
which have measureable Si contents, and low stocks of
diatoms, the partitioning of bSi between small and large
phytoplankton, and other silicifying organisms like radi-
olarians beneath the euphotic zone, also requires more
rigorous examination, including resolution of size-
fractioned silicate uptake and kinetics. Certainly not last,
but sufficient for this brief overview of future challenges,
the region needs a focused research effort to resolve the
differential effects of the various macro-nutrient and trace
elements (Si, Co, Fe, Zn) that have now been separately
hypothesized to explain unique characteristics of the CRD
planktology. Our cruise results illustrate the valued added
from detailed trophic and ecological studies done in con-
junction with biogeochemical investigations, the under-
lying theme of the IMBER Program (Integrated Marine
Biogeochemistry and Ecosystem Research). It is clear that
biogeochemistry and plankton dynamics are very closely
linked in the CRD, and that neither can be clearly under-
stood without attention to the other.

S U P P L E M E N TA RY DATA

Supplementary data can be found online at http://plankt
.oxfordjournals.org.

DATA A RC H I V I N G

The Cruise Report, data and metadata for this project
are available through the Biological and Chemical
Oceanography Data Management Office under the project
title “Costa Rica Dome FLUx and Zinc Experiments” (http
://www.bco-dmo.org/project/515387).
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